We theoretically explore optical bistability for possible signature of all optical switching and their performance in a hybrid quantum optomechanical system comprising of two semiconductor microcavity coupled optically. One of the cavity is driven by an external optical pump laser while the second cavity which contains a quantum dot is indirectly driven by light transmitted from the first cavity. The generated bistable behavior due to optomechanical nonlinearity shows a typical optical switching behavior and it can be controlled by changing the laser power, QD cavity coupling, rocking parameter, and the optomechanical coupling.
I. INTRODUCTION
With the aim to construct all optical logic gates by overcoming the obstacles of Moore's law, optical physicists are trying to regulate the transmission of another optical signal using light [1, 2] .
One method to achieve this is optical bistability, in which for a given input power two different output power can be obtained [3] . Thus, the output power is controlled with a shift in the input signal by transition between two stable states. To transfer data over short distances, there is increasing trend of building optical interconnects. In addition these Optical systems could be a fresh computing method [4, 5] for which bistable optical devices are key component. Optical carrier injection [6] , thermo-optic effects [7] , a combination of both [8] , or optoelectronic feedback [9] etc. are some methods to achieve bistability. Usually these methods depend on carrier generation which makes it rather slow to use. Second method to get optical bistability is via nonlinear optical effects [10] . The nonlinear optical effects in bulk materials are very weak so, a large amount of power is required. This limits the practicality of the device. By enhancing the strength of nonlinear light matter interaction, one can decrease the operating optical power. Taking high quality factor(Q) cavities and small mode volume we can increase the interaction strength.
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There has been a major attempt over the previous decade to build solid state optical devices at micro-scale. The primary drive behind this study is the development of chip-to-chip [11] [12] [13] optical device and the processing [14] [15] [16] [17] of quantum information. Modulators play a key role in transmission and routing of data on these networks. In order to minimize operating strength optical components are miniaturized down to scales as such active element is represented by a single quantum emitter. One of the primary obstacles in the development of high-speed electronic devices is currently the big loss in high-frequency metal interconnection. Developing light switches, working at a rate of just a few quanta of energy can be a solution.
Another significant manifestation of strongly coupled system is Normal mode splitting (NMS).
It occurs when the energy exchange between two subsystem is faster than it's dissipation to the atmosphere [18] . The necessity of this regime is to observe coherent quantum dynamics of the interacting system and to manipulate as well as controlling the quantum system is one of its aim [19, 20] . Since the system has inherent Kerr nonlinearity and in addition parametric driving field is introduced, it leads to an interesting concept known as Rocking which essentially transforms a phase invariant self-oscillatory system into the bistable phase [21, 22] . Where as Kerr nonlinearity weakens NMS, the rocking parameter has been studied to see its effect on controlling it [23] .
In this paper we particularly, study the optical bistability for analysing the possible signature of all optical switches and their performance via switch Ratio, Gain and Band width. Specifically, by modeling the dynamics of the bistable switch, we evaluate how the necessary optical power scales with cavity parameters and examine switching speeds. Also, we study about the movable distributed Bragg reflector's (DBR) displacement spectrum which leads to NMS.
II. THEORY AND MODEL
The model considered in this article is shown in Fig.1 . In the present model, we consider a system comprising of two semiconductor microcavity A and B coupled optically showing two field modes. Cavity A is coupled with movable mirror which is guided using a laser field having frequency ω p . Two level quantum dot is contained in cavity B that is directly driven by the pump field along y-axis with a frequency of ω L and provide coupling strength λ. The fabrication of micro-cavities done by a set of distributed Bragg reflectors (DBR). There are some known techniques by which the confinement of light along the longitudinal and transverse direction in the DBR can be achieved [24] . DBR mirror comprises of layers of low and high refractive index of quarter-wavelength having AlGaAs as the first and last layer. The refractive index of AlGaAs is greater than that of air and lower than that of GaAs [25] . Hence, this structure results into an enhancement of the coupling of light.
The optomechanical nonlinearity is introduced into the system through the coupling of the microcavity A to the micro-mechanical resonator. The quantum dot (QD) is considered as twolevel system with ground state denoted by |g and excited state by |e . Applying the rotating-wave approximation on the total Hamiltonian for this hybrid optomechanical system along with the dipole approximation, it can be stated as-
The free energies of cavity A and B optical modes are described by the first and second terms respectively. a † is the creation operator and a is the annihilation operator for cavity A. Similarly b † is the creation operator and b is the annihilation operator for mode B. ∆ a = ω a − ω p is detuning for cavity A and ∆ b = ω b − ω p is detuning for cavity B with respect to pump laser. Resonance frequencies of both cavity are denoted by ω a and ω b . The third term shows the energy for the two-level QD. The transition frequency ω d between two levels of the QD results in its detuning
We have taken σ ee -σ gg as σ z ,where σ ee and σ gg are the atomic populations in the excited and ground levels respectively. Fourth and fifth terms give the mechanical oscillator energy having q and p are position and momentum operator respectively and satisfy [q,p] = i .
The interaction in cavity B of the single QD with the optical field is denoted by the sixth term, where g is the coupling strength between QD and photon. The seventh term gives optomechanical interaction, where constant G represents the optomechanical coupling of the mechanical oscillator with field in cavity A. The coupling of two cavities is accounted by the eighth term having coupling strength J between the two cavities [26] [27] [28] [29] [30] . Ninth term denotes the driving term with temporally modulated field η(t) = η 0 + P amp Cos(Ωt), where η 0 is constant driving amplitude that takes real value, P amp is the amplitude of the modulation and Ω is the frequency of modulation. The last term
shows the interaction between QD and transverse pump along y-axis, where λ is the interaction constant and θ shows the relative phase between two laser fields.
The system dynamics can be described by the following quantum Langevin equations after using the Hamiltonian resulting from Equation (1):
We have assumed a in (t) and b in (t) having zero mean as input vacuum noise operator for cavity A and B respectively. Now behavior of the nonlinear cavity can be analyzed by re-writing the operators in terms of mean classical values.
The interaction between system and external degrees of freedom leads to dissipation. where To analyze further, we consider large and fast modulating input signal,i.e., P amp >> η 0 and
Further a and b are slowly varying amplitudes and by using few mode expansion [22] , can be written as → a s + a ± e ±iΩt and b→ b s + b ± e ±iΩt respectively. Now putting these expression into equation (7)- (11) and neglecting the higher harmonics and also equating the time derivatives to zero, this gives,
Hence by eliminating the mode b in the steady state, we get-
Where P trans = < a † s a s > is the power transmitted from fundamental cavity mode A,
C is the effective detuning in the optomechanical cavity
2Ω 2 is rocking parameter. χ = G/ω m is the rescaled optomechanical coupling constant.
P amp is the amplitude of the modulating wave and Ω is the modulating frequency. Now the dynamics of quantum fluctuations in the system around its stable state will be analyzed.
For this, the value of quantum Langevin equations are written as p(t) → p s +p(t), q(t) → q s +q(t), b(t)→ b s +b(t) and a(t) → a s +a(t) . Here we assume zero fluctuation for operator of QD.
Introducing the quadrature of phase and amplitude for the field,
Hence the quantum Langevin equations for the quadrature becomes:
Where,
III. OPTICAL SWITCH AND IT'S PERFORMANCE
The vast development of worldwide data and huge demands of communication networks with larger capacity of data transmission and processing information with fast rates requires large bandwidth and low consumption of power [31, 32] and for this Optical interconnects is more preferable than electronic interconnects. The foundation of all-optical switching rests on nonlinear Kerr effect which arises due to refractive index variation of nonlinear material induced by a control light [33] .
The primary interest of optical switching is that it allows the optical data signals to be routed without the need for conversion to electrical signals hence it is not dependent on data protocol or rate [34] . Therefore all optical switching can taken as a key element, playing a critical and important role in construction on-chip ultrafast all-optical switch networks.
In our model, a bistable device is used as the base to analyze the performance of an optical switch. The input signal consists of a modulated optical signal and a fixed bias power P bias .
Using equation (17) we plot the bistability graph between output power and input power (Fig.2 ).
Here we define P trans as output power and η 2 as input power. For N=0 (i.e, equal population in the ground state and excited state) we plot bistability graphics for different values of Rocking parameter (C).
As we increase the value of C the maximum output shift towards lower value of input power.
This indicates that the rocking parameter influence the output behavior in a significant manner.
Using this, we further illustrate the switch ratio(S.R) and gain of the switch.
During the driving curve of bistability, the switching ratio is defined as the proportion of the maximum to minimum cavity output. Fig.3(a) shows the graph of switching ratio versus input amplitude P amp . We find that the switch behaves like a low pass filter. The ratio decreases as 
the value of P amp increases. Fig.3(b) , shows the graph of switching ratio versus output signal as a function of frequency of modulating signal. We observe switching ratio increases with modulation frequency. The larger ratio indicates that switch is controlling the propagating light signal more precisely. This suggests that the input amplitude and modulation frequency influence the switch performance significantly. The Gain of the switch is defined as the ratio of output and input power amplitude. By analyzing gain as a function of P amp we find that initially the gain value is higher for lower P amp and subsequently the value of gain smoothly decreases as the value of P amp increases (see (Fig.   4(a) ). We also notice that from Fig.(4(b) ) the gain increases as the value of Ω increases and than become constant. It may be noted that for a good optical switch a large gain is required. 
We find that by increasing P amp , the gain decreases while the bandwidth increases in Sinusoidal way for equal population in ground and excited state of quantum dot (i.e.,N=0). Initially the band width is lower for P amp as we increase its value the band width increases up to value 2.0ω m and after that further increment of P amp band width slow down. This indicates that less transmission of output will occur for lower input signal i.e., "OFF" state for optical switch and as we increase the input signal the bandwidth is increasing, it leads to higher transmission of signal light i.e., "ON" state. Therefore, all-optical switching behavior is obtained. 
IV. NORMAL MODE SPLITTING
An interesting phenomenon occurs in the movable cavity mirror displacement spectrum known as NMS owing to the mixing of the system's various modes [35] [36] [37] [38] [39] . These spectrum characteristics of the probe field may prove further beneficial for achieving the optical switch in experiments and possible applications for coherent control of the light pulses [20] .
The NMS, is studied in this section to deduce the spectrum in presence of QD for small fluctuations in the movable DBR's position quadrature. Fourier transformation is used to convert the equation of motion (18) (19) (20) (21) (22) (23) from the time domain to frequency domain for calculating the NMS. It is also possible to express these equations in condensed formȮ(t)=MO(t) + f(t), where M being a 6×6 time-independent matrix.
T are column vectors for noise sources and fluctuations respectively. Consequently displacement spectrum in Fourier space is given by,
Now the system for Oscillating DBR displacement is obtained by applying correlation function(appendix A) in the Fourier space [40] [41] [42] [43] [44] [45] [46] [47] [48] as, The coherent energy exchange between the three modes can be observed. For NMS, each mode's coherence must be lower than energy exchange timescale between the three modes. Fig. 6 -(b),
shows that when χ = 0.2, then peaks have very high amplitude rather than for the value of χ=0.1.
This observation is because of the fact that there would be lesser energy swap between the optical and mechanical mode of cavity A if the optomechanical coupling is less. Thus the high amplitude peak shows the dominant behavior of energy swapping between the two optical modes.
V. CONCLUSION
In this paper we have analyzed the bistable behavior of the optical switch and its performance.
A hybrid optomechanical system is studied for its mechanical displacement spectrum, where it consists of two semiconductor microcavities coupled optically and containing a QD. The generated bistable behavior due to optomechanical nonlinearity shows an optical switching behavior and it can be regulated by altering the laser power, rocking parameter, optomechanical coupling and QD cavity coupling. A three peak NMS is seen due to the movable DBR displacement spectrum.
The spectrum consisting of three peaks is a consequence from the exchange of energy among two optical and a mechanical mode. As revealed by the results, this system has the capacity to Bhattacherjee is grateful to BITS Pilani, Hyderabad campus for the facilities to carry out this research.
VII. APPENDIX A
The operators of input noise fulfill the following set of correlation functions [49] [50] [51] [52] 
The following correlation function is satisfies by the mechanical mirror's Brownian force noise operator [51] ,
where temperature of mechanical mirror-connected thermal bath is represented by T and κ b is Boltzmann Constant. Due to the connection between movable mirror and thermal bath, the mirror generates the Brownian noise due to random motion. In essence this sort of noise is Non-Markovian [47, 50] .
The correlation function in Fourier space for various amplitude and phase noise quadrature along with the Brownian noise operator for displacement spectrum can be described as follows [52] :
VIII. APPENDIX B
The following are the unknown coefficients used in equation (26): 
